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Abstract. The description of photoabsorption cross-sections of cold nuclei by closed-form Lorentzian mod-
els of photon strength functions for photoexcitation by electric dipole gamma-rays is considered. System-
atics of the GDR parameters are given and input parameters of different analytical models are discussed
The experimental data are compared with theoretical calculations for even-even nuclei using criteria of
minimum of both least-square value and root-mean-square deviation factor. Simple extensions of the mod-
els with energy-dependent widths to high gamma-ray energies & 30MeV which hold the energy-weighted
sum rule for E1 gamma-transitions in good approximation are proposed and tested.
PACS. 24.30.Cz Giant resonances – 21.60.-n Nuclear structure models and methods
1 Introduction
Photon strength functions (PSF) are an important con-
stituent of the calculations of various decay properties
of the atomic nuclei, for example, the average proba-
bilities of γ-transitions, the gamma-ray capture cross-
sections, gamma-ray production spectra, isomeric state
populations, competition between gamma – ray and parti-
cle emission, as well as different nuclear structure charac-
teristics (deformations, contribution of velocity-dependent
forces, shape-transitions, etc) (see, for example, [1,2,3] for
references). The photon strength functions are mandatory
component of all modern computer codes for nuclear reac-
tion calculations and nuclear data evaluation, such as [4,
5]. Some applications, such as nuclear astrophysics, also
require the determination of radiative neutron data for a
large number of exotic nuclei, and for energies that cannot
be reached in the laboratory [6]. In this case, large-scale
calculations need to be performed on the basis of sound
and accurate models to ensure a reliable extrapolation far
away from the experimentally known region.
The photonuclear data are being intensively studying
in response to their growing needs in a variety of prac-
tical applications. For example, bremsstrahlung radiation
by electron accelerators is now used in many laboratories,
industries and hospitals dealing with activation analyses,
radiation shielding and radiation transport analyses, cal-
culation of absorbed dose in the human body during ra-
diotherapy etc (see, for example, [7] for references).
The electric dipole (E1) gamma-transitions are domi-
nant in nuclear processes of photoabsorption and gamma-
a Corresponding author: plujko@gmail.com
decay when they occur simultaneously with transitions of
other multipolarities. For middle-weight and heavy atomic
nuclei, the most important contribution to probability
of these transitions in the range of gamma-ray energies
8 < εγ < 30 MeV is resulted from response of Isovec-
tor Giant Dipole Resonances (GDR). A Lorentz shape
is preferable for approximation of a strength function of
such response (see [8] and refs therein). The common-used
analytical models with this line-shape are the Standard
Lorentzian (SLO), the Generalized Lorentzian (GLO), the
Simplified version of Modified Lorentzian (SMLO) [1,2,3,
8,9,10], the Triple Lorentzian (TLO) [11,12].
The comparisons of experimental data on photoab-
sorption cross-section with theoretical calculations within
framework of SLO and SMLO approach were done for 162
nuclei in ref.[8]. It was shown that the low-energy tails of
the photoabsorption cross sections within SLO model are,
as a rule, higher than for the SMLO model and the ex-
perimental data; that is low-energy wings of GDR PSF
component can not be described in SLO model without
re-adjusting standard values of its GDR parameters that
provided description of the GDR range of the photoab-
sorption cross-sections.
The calculations of E1 PSF within microscopic
both quasiparticle random-phase approximation (QRPA)
and shell-model (SM) were compared with the SMLO
strengths in ref.[10] and had been shown that a rather
good agreement was obtained. These results for E1 PSF
together with updated expression for dipole magnetic
(M1) strength allowed to perform relatively good descrip-
tion of all available experimental data on average radiative
widths of the E1+M1 transitions.
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In this contribution the closed-form Lorentzian models
of SLO, GLO, SMLO, TLO are tested for description of
the experimental photoabsorption cross sections in cold
even-even atomic nuclei from EXFOR data-base [13] in
the range of the gamma-rays till ∼ 30 MeV. The data
are compared with theoretical calculations using for the
merit functions the least-square deviation and the root-
mean-square (rms) deviation factor. The extended SMLO
and GLO models with saturated energy-dependent widths
above the GDR energy are proposed. For these models,
energy-weighted sum rule for E1 gamma-ray photoabsorp-
tion is approximately fulfilled.
2 Photoabsorption cross-sections and the
analytical expressions for E1 PSF of
photoabsorption of atomic nuclei in ground
states
The theoretical total photoabsorption cross sections
σabs(εγ) of the gamma-ray with energy εγ are calculated
as a sum of the terms corresponding to the GDR exci-
tation (σGDR) and quasi-deuteron photodisintegration (a
photoabsorption cross section on a neutron-proton pair,
σqd(εγ)):
σabs(εγ) = σGDR(εγ) + σqd(εγ), (1)
where the approach from ref.[14,15] is used for a quasi-
deuteron contribution.
The total photoabsorption cross section is adopted to
be equal to the photoabsorption cross-section of electric
dipole gamma-rays summed over states with all possible
total angular momentum σE1(εγ), because we will use ex-
perimental data for nuclear photoexcitation induced by
bremsstrahlung which is mainly characterized by E1 mul-
tipolarity [15].
Component σGDR of total photoabsorption cross-
section (1) resulted from the GDR excitation is calculated
by the use of different analytical models for E1 PSF of
photoexcitation
−→
f α(εγ) [1,2,3,16]:
σGDR(εγ) = σ
α
GDR(εγ) = 3 (pi~c)
2
· εγ ·
−→
f α(εγ), (2)
where index α denotes PSF model.
General analytical expression for E1 PSF of photoex-
citation of cold nuclei governed by the GDR can be pre-
sented in the following form
−→
f α(εγ) =
1
3 · (pi~c)2
jm∑
j=1
σTRKs
α
j
Fαj (εγ)
εγ
=
= 8.674 · 10−8
jm∑
j=1
σTRK[mb ·MeV]×
×sαj
Fαj (εγ)[MeV
−1]
εγ [MeV]
MeV−3.
(3)
Here, index j numbers the normal modes of giant vi-
brations: jm = 1 for spherical nuclei, jm = 2 for axially
symmetric ones, and jm = 3 for nuclei with triaxial shape;
factor sαj is a weight of the j -mode; σTRK is the Thomas-
Reiche-Kuhn (TRK) sum rule
σTRK = 60
NZ
A
= 15A(1− I2) mb ·MeV (4)
with I = (N − Z)/A for the neutron-proton asymmetry
factor. A weight of the j -mode determines cross-section
σαr,j = (2/pi)σTRK · s
α
j /Γ
α
j of j -mode at resonance energy
Eαr,j .
The line-shape functions Fαj are described by
Lorentzian,
Fαj (εγ) =
2
pi
ε2γ Γ
α
j
(ε2γ − (E
α
r,j)
2)2 + (Γαj εγ)
2
, (5)
but with different determination of the parameters of en-
ergy Eαr,j and shape width Γ
α
j .
An approximation of axially symmetric nuclei with the
effective quadrupole deformation parameter β2 is adopted
for deformed nuclei in the SLO, GLO and SMLO models.
The values of effective quadrupole deformation parameters
are taken from “deflib.dat” file of RIPL 2 (β2=β2,eff ) [2].
The indexes j=1, 2 denotes normal modes of vibrations
with low and high values of the “resonance” energy Eαr,j :
Eαr,1<E
α
r, 2.
For the SLO model, the Γ SLOj is energy-independent
constant which is equal to GDR width for j -mode and the
energy ESLOr,j is equal to the GDR energy. The Γ
GLO
j in
GLO model is quadratic in gamma-ray energy[1,2,3]:
ΓGLOj (εγ) =
Γ SLOr,j
(ESLOr,j )
2
· ε2γ . (6)
The width in the SMLO model is a linear function of
the gamma-ray energy:
Γ SMLOj (εγ) =
Γ SMLOr,j
ESMLOr,j
· εγ . (7)
For GDR characteristics in the SLO, GLO and
SMLO, the recommended values (the energies, widths and
weights) from recent data-base [8] were used and the char-
acteristics of SLO model were taken for GLO parameters.
In absence of the experimental data values of GDR param-
eters by their systematic values are taken. The systematics
of the energies Eαr,j were obtained by the least-square fit-
ting the recommended experimental GDR parameters in
spherical nuclei and in deformed nuclei from mass-number
ranges 150< A <190 and 220< A <253 where they can
be considered as axially deformed ones.
These systematics were based on simultaneous fitting
both resonance energy in spherical nuclei and average res-
onance energy Eαr in an axially deformed nuclei [17,18],
Eαr = (s
α
a · E
α
a + s
α
b · E
α
b ) /s
α, sα = sαa + s
α
b , (8)
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where Eαa (E
α
b ) are the energy of the vibration along (per-
pendicular) to the symmetry axis and sαa (s
α
b ) is corre-
sponding weight.
In fig.1 the comparison of the experimental values for a
sum of the weights for SLO and SMLO models with uncer-
tainties from ref.[8] are presented in spherical nuclei and
in deformed nuclei with 150< A <190 and 220< A <253
where they can be considered as axially deformed ones.
It can be seen that the systematical value sα=1.2 can be
taken for a sum of the weights for SLO and SMLO models.
For GLO model the values sGLOj = s
SLO
j were adopted.
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Fig. 1. Experimental values of the weights sα=sαa+s
α
b within
SMLO and SLO approaches. Upper panel: SMLO values - red
full circles with errorbars; SLO values -black stars with the
errorbars; Bottom panel - ratios sSMLO/sSLO.
The approximation of equally probable excitation of
normal modes of the giant collective vibration was taken
for systematics of the weights,
{
sα1 = s
α/3; sα2 = 2s
α/3, β2 > 0,
sα1 = 2s
α/3; sα2 = s
α/3, β2 < 0,
(9)
because of twofold degeneration of the giant collective vi-
bration, which is perpendicular to the axis of symmetry.
The following general expression was adopted for sys-
tematics of the GDR energy in spherical nuclei and for
average energy in deformed nuclei [10]:
Er = E
α
r,sys =
= eα1 · (1− I
2)1/2 · A−1/3/(1 + eα2A
−1/3)1/2.
(10)
It was found from fitting (the energy in MeV): eSLO1 =
130.0± 0.9, eSLO2 = 9.0± 0.2 for SLO model and e
SMLO
1 =
128.0± 0.9, eSMLO2 = 8.5± 0.2 for SMLO model.
The expression (10) is similar to that obtained as a
good approximation to eigenenergy of dynamical equa-
tion for the GDR vibrations within liquid droplet hydro-
dynamic model [19] (used in the TLO model, eq.(16)) and
it also corresponds to a sum rule prescription for GDR
energy [20,21].
The GDR energies Er,1, Er,2 are determined by the
energies of the vibrations along and perpendicular to the
symmetry axis: Er,1 = Ea, Er,2 = Eb (for prolate nuclei,
i.e. β2 > 0 ) and Er,1 = Eb, Er,2 = Ea (for oblate nuclei,
i.e. β2 < 0). The systematics of the GDR resonance ener-
gies Ea and Eb are calculated by the use of the expressions
[10]
Ea = 3Er/(1 + 2D), Eb = 3ErD/(1 + 2D), (11)
which are resulted from (8), (9) for known ratio D =
Eb/Ea. Here (and below in clear situations) index α de-
noting PSF model is omitted. The expression within hy-
drodynamical model [22] is used for D,
D = Eb/Ea = 0.911 · Ra/Rb + 0.089, (12)
with Ra (Rb) for a length of the ellipsoid semi-axis (semi-
axes of speroid) along (perpendicular) rotational sym-
metry axis: Ra/Rb = (1 + α2)/(1 − α2/2), α2 is the
quadrupole deformation parameter α2 = β2
√
5/4pi. No-
tice that within the linear approximation on deformation
and D ≈ Ra/Rb, the general expressions for resonance
energies of normal modes of giant vibrations from (11)
coincide with expressions of the nuclear hydrodynamics
model [23]:
Ea = Er ·
R0
Ra
, Eb = Er ·
R0
Rb
, (13)
where R0 is the radius of a sphere of equal volume R
3
0 =
Ra · R
2
b .
For resonance width systematics, the simplest power
law expression was taken
Γαr,j = Γ
α
r,j,sys = c(α) · (Er,j)
d(α) MeV, (14)
with fitting results: c(SMLO) = 0.42± 0.05, d(SMLO) =
0.90± 0.04; and c(SLO) = 0.32 ± 0.03, d(SLO) = 0.98 ±
0.03; c(GLO) = c(SLO); d(GLO) = d(SLO).
Approximation of a triaxial ellipsoid is used in the
TLO model for nuclear shape in deformed nuclei [11,
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12], and the nuclear shapes are determined in terms of
β and the triaxiality angle γ, where β represents the ex-
tent of quadrupole deformation (describes the deviation
from sphere) and γ gives the degree of axial asymmetry.
In this approach, the GDR splits into three components
and the E1 PSF is described by the expression (3) with
jm = 3. Similar general expression was originally proposed
in refs.[24,25] for description of photoabsorption cross-
sections of fast rotating nuclei in a triaxial nuclear shape
approach.
For the input parameters of the TLO PSF, the the-
oretical expressions were taken from different theoretical
models. For the resonance energies of the normal modes,
the expressions (13) of the nuclear hydrodynamics model
were adopted[11,12]:
ETLOr,j = E
LDH
r
R0
Rj
, (15)
where ELDHr is the resonance energy of the equivalent
in volume spherical nucleus with the radius R0. Droplet
mode solution of liquid droplet hydrodynamic model [19]
was taken for energy ELDHr ,
ELDHr =
~c
R0
√
8J
m∗c2
1
(1− I2)
×
×
[
1 + u− ε
1 + ε+ 3u
1 + ε+ u
]−1/2
MeV,
(16)
with R0 = 1.16 · A
1/3, r0 = 1.16 fm, ε = 0.0768, u = (1−
ε)A−1/33J/Q, symmetry-energy value J = 32.7 MeV and
effective surface-stiffness value Q = 29.2 MeV; m∗c2 =
874 MeV. General expression of simplified version of the
eq.(16) (see [19], Eq.(5.1)) is similar to the expression (10)
but with different parameters.
Figure 2 shows the experimental values of the average
GDR energies (8) with uncertainties for SLO and SMLO
models as a function of mass number in spherical nuclei
and deformed nuclei with 150< A <190, 220< A <253.
The data are compared with calculations within systemat-
ics (10), E
SLO(SMLO)
r,sys , and within liquid droplet hydrody-
namic model (16), ELDHr . In the calculations the neutron-
proton asymmetry factor was taken as corresponding to
Green’s approximation [26] to the line of β stability:
I = (N − Z)/A = 0.4A/(A+ 200).
One can see that experimental average GDR energies
determined by the use of SLO and SMLO approaches are
in rather close agreement and their relative deviation does
not exceed ∼6%. Relative deviation of systematical values
of these average energies is less then 1%. Droplet mode so-
lution (16) for resonance energies good reproduce system-
atical values of experimental data for nuclei with A > 80.
The Hill-Wheeler parameterization [27] is used for cal-
culation of the semi-axis lengths Rj in (15), in [11]
Rj = R
H
j = R0 · exp
(√
5/4pi · β · cos(γ −
2
3
jpi)
)
. (17)
The radius parameters Rj , which are inversely propor-
tional to the harmonic oscillator constants, were used in
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Fig. 2. Comparison of the experimental values of average GDR
energies (E
SLO(SMLO)
r ) [8] with calculations within systematics
(10) for SLO and SMLO models (E
SLO(SMLO)
r,sys ) and within liq-
uid droplet hydrodynamic model (ELDHr ). Upper panel: E
SLO
r
- black dots with errorbars; ESLOr,sys - black solid line ( ) ,
ESMLOr,sys - red dashed line (−−−−) , E
LDH
r - black dashed fol-
lowed by three dots line (− · · ·− · · · −). Bottom panel shows
the ratios of average experimental energies within SMLO and
SLO models.
ref.[12], but it was indicated in this references that the
differences in the results using (17) were not significant.
The width ΓTLOj was independent of gamma-ray en-
ergy and the expression with a power law dependence on
the resonance energy was used [11,12,38]:
ΓTLOj = 0.045(E
TLO
r,j )
1.6 MeV. (18)
Figure 3 demonstrates the experimental values of the
GDR energies (Γ
SLO(SMLO)
r ) [8] with uncertainties for
SLO and SMLO models as a function of mass number in
spherical nuclei and in deformed nuclei with 150< A <190,
220< A <253. The data are compared with calcula-
tions within systematics for SLO and SMLO models (14),
Γ
SLO(SMLO)
r,sys , and within TLO model (19), ΓTLOr . In the
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calculations the neutron-proton asymmetry factor was
taken as corresponding to Green’s approximation [26] to
the line of β stability.
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Fig. 3. Comparison of the experimental values of the GDR
widths (Γ
SLO(SMLO)
r ) [8] with uncertainties with calcula-
tions within systematics (14) for SLO and SMLO models
(Γ
SLO(SMLO)
r,sys ) and within TLO model (Γ
TLO
r ). Upper panel:
experimental GDR widths Γ SLOr - black dots with error-
bars, Γ SLOr,sys - black solid line ( ), Γ
SMLO
r,sys - red dashed
line (−−−−), ΓTLOr is black dashed followed by three dots
(− · · · − · · · −) ΓTLO. Bottom panel: the ratios of average
experimental widths [8] within SMLO and SLO models.
One can see that experimental GDR widths deter-
mined by the use of SLO and SMLO approaches are gen-
erally in agreement with allowance for uncertainties but
their relative deviation can reach ∼40%. Systematical val-
ues of the SLO and SMLO model describe experimental
data better then TLO approach. Systematics and TLO
expressions not very good reproduce experimental data in
isotopes with mass-numbers A ≤ 50.
The approximation of equally probable excitation of
normal modes of the giant collective vibration were taken
for the weights: sTLOj = s
TLO/3 with sTLO = 1.02 for the
sum of the weights.
3 Particularities and modifications of the PSF
models with energy-dependent width for
keeping energy-weighted sum rule
Intensive studies of the photoabsorption in middle-weight
to heavy nuclei demonstrated that the photoabsorption
cross-sections at the low-energy tail of the GDR can be
better described with allowance for increasing dependence
of the width Γ (εγ) on gamma-ray energy (see [1,2,3,8] for
references). However, if the width increases with energy
steadily, the total integral of the line-shape functions Fαj ,
(5), over energy to infinity can not be equal to unity, which
is needed for fulfilment of the energy-weighted sum rule
(EWSR) for electric dipole gamma-transitions.
The EWSR (SEWSR) constraints the energy integrated
total photoabsorption cross-section σE1(εγ),
σint =
∫ ∞
0
σE1(εγ)dεγ =
8piα
3
SEWSR, (19)
where α = e2/(~c) is the fine structure constant. The
energy integrated cross-section can be presented in the
form
σint = σTRK · s, (20)
where a factor s determines deviation of σint on TRK
sum rule (4). It was mentioned above, that in nonrel-
ativistic potential interaction approach with absence of
the velocity-dependent and exchange forces s = 1, but
s ∼ 1.2 in the presence of he velocity-dependent and ex-
change forces.
One can see from eqs.(2-5), that
σint =
∫ ∞
0
σE1(εγ)dεγ =
=
jm∑
j=1
σTRKs
α
j I
α
j (εγ →∞),
Iαj (εmax) =
∫ εmax
0
Fαj (εγ) dεγ ,
(21)
and the EWSR is fulfilled for theoretical models α with the
Lorentzian shape if the integral Iαj (εmax) tends to unity
at εmax →∞.
The figures 4,5 show the values of the integrals
Iα(εmax) as a function of the energy εmax and pho-
toabsorption cross-sections in dependence of gamma-ray
energy in nucleus 208Pb (jm = 1). The photoabsorp-
tion cross-sections were calculated for different models for
GDR component and quasi-deuteron photodisintegration
was taken into account. The GDR parameters were taken
from the first dataset for 208Pb in the table 1 of the ref. [8].
In the models of SMLOe and GLOe the general expres-
sions of the approaches of SMLO and GLO are used with
modificated expressions for shape widths above the GDR
energy (see below eq.(22)).
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Fig. 4. The value of integrals Iα calculated within the follow-
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Fig. 5. Photoabsorption cross-sections for lead as a function of
the gamma-ray energy. Theoretical calculations are performed
with the GDR component within the models: (black
solid line) SLO, −−−− (red dashed line) SMLO, (red
solid line) SMLOe, −−−− ( blue dashed line) GLO, (
blue solid line) GLOe. The experimental data are taken from
refs.[29,30].
It can be seen from figs. 4,5 that, if Γ (εγ) is perma-
nently increasing, the integrals Iα(εmax) of the Lorentzian-
like function over energy with energy dependent width are
very close to SLO values for gamma-ray till ∼30 MeV but
for the gamma-ray energies &30 MeV they can be more
than unity due to overestimation of the GDR component
of the photoabsorption cross-section [12]. It leads to vio-
lation of the EWSR.
Note that, the expressions for energy-dependent width
which are increased with energy are based on a low-energy
approximation of nucleon-nucleon collision cross-section in
nuclear medium and should be corrected at high energies.
A behavior of the damping width at high energies can be
analyzed under the assumption that it corresponds to the
width for damping 1 particle-1 hole states into 2 particle-2
hole states [31,32,33,34,35]. The latter width is propor-
tional to product of the mean square residual matrix el-
ement (M2) and the density of the 2p-2h states which is
proportional to the square of gamma-ray energy with the
results that Γ (εγ) ∝ M
2(εγ) · ε
2
γ . The average squared
matrix element was studied within the exciton model [36,
37]. It was shown that M2 is energy constant at low en-
ergies and depends inversely on cube of energy at high
energies. It means that the damping width increases ini-
tially with squared energy and then decreases in inverse
proportion to the energy at high energies. Here, we simu-
late this effect for width Γ (εγ) of the Lorentzian shapes of
the SMLO and GLO models in very simple way and use
constant width after GDR energies εγ > Er,j :
Γ α¯j (εγ) =
{
Γαj (εγ) , εγ ≤ E
α
r,j ,
Γαj (E
α
r,j) = Γ
α
r,j , εγ > E
α
r,j
. (22)
Here these models are denoted as extended SMLO
and GLO models (SMLOe and GLOe) and in eq. (22)
α¯=SMLOe (GLOe) if α=SMLO(GLO) . One can see from
the figs. 4,5 that the models with energy-dependent con-
fined widths (22) can correct in a very simple way an inac-
curate high-energy behavior of the GDR component of the
photonuclear cross-sections. They also can lead in good
approximation to correct value of the EWSR. In the en-
ergy range εγ < 30 MeV the calculations within SMLOe
(GLOe) model agree with the results for SMLO (GLO)
model. So, the approximation of the energy-dependent
width restricted to GDR value can be recommended for
using in the nuclear reaction codes for more correct mod-
eling of the E1 photon strength function at high energy
tail of the GDR (εγ & 30 MeV).
4 Calculations and results
Quantitative comparison between photoabsorption exper-
imental data with calculations by different Lorentzian –
type PSF models are given below for the 88 even-even iso-
topes from 24Mg till 238U listed in the table 1 of the ref. [8]
and used for determination of the recommended GDR
parameters. For these nuclei, experimental data on total
photoabsorption cross-sections σ(γ, abs) from EXFOR are
taken and references are also indicated in the table 1 of
[8].
Analytical PSF expressions for models of SLO, GLO,
SMLO, SMLOe and their input parameters were described
in previous section. Three sets of the deformation pa-
rameters are used for TLO model, and corresponding
calculation results are denoted as TLO(1), TLO(2) and
TLO(3). The deformation parameters for TLO(1) and
TLO(2) models were taken from the data-files of ref.[38].
The TLO(3) was used for PSF calculations for isotopes
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specified in the table 1 with indicated deformation pa-
rameters.
Table 1 shows also the deformation parameters used
for these isotopes as input for TLO(1) and TLO(2)
models. They were calculated for even-even nuclides
within framework of the Hartree-Fock-Bogoliubov theory
(HFB; TLO(1) - β=βBH,γ=γ
B
H) and Constrained Hartree-
Fock-Bogoliubov approach with five-dimensional collec-
tive Hamiltonian (CHFB+5DCH; TLO(2)- β = βBC , γ =
γBC). The Bohr parameterization [27] of the axis lengths
was adopted in these calculations of the deformation pa-
rameters
Rj = R
B
j = R0
(
1 +
√
5/4pi · β cos(γ −
2
3
jpi)
)
. (23)
Therefore we used this expression for semiaxes in
TLO(1) and TLO(2) models. In first order on deforma-
tion parameters the values of the semiaxes (17), (23) are
in agreement.
Two criteria were taken for comparison of a quality
of the description of the experimental photonuclear data
using different E1 PSF models: 1) minimum of the least-
square deviation χ2α , and 2) minimum of the root-mean-
square (rms) deviation factor fα [42,43]:
χ2α =
1
n
n∑
i=1
(σexp(εi)− σ
α
the(εi))
2
(∆σ(εi))2
, (24)
fα = exp{χln,α},
χ2ln,α =
1
n
n∑
i=1
{lnσαthe(εi)− lnσexp(εi)}
2 =
=
1
n
n∑
i=1
ln2(
σαthe(εi)
σexp(εi)
).
(25)
Here σαthe(εi) = σ
α
GDR(εi) + σqd(εi) is the theoretical
cross section, eqs. (1)-(3), at γ-ray energy εi; σexp(εi) is
the experimental photoabsorption cross section from the
EXFOR database; ∆σ(εi) is the data uncertainty; n is the
number of experimental data points.
The rms deviation factor fα corresponds to criterion
of a minimum at given gamma-ray energy of a weighted
sum of squared deviations of the theoretical cross-section
from their experimental data in natural logarithmic scale.
Because of different estimations of uncertainties in differ-
ent datasets and, as a rule, for lack of reliable estimations
of the systematic errors, a weight of every point is taken
as empirical probability 1/n. A logarithmic scale is used
due to large-range changes of the photoabsorption cross-
sections.
The χ2α and fα values were calculated in the gamma-
ray energy intervals from 5 MeV ( or minimal value of the
energy >5 MeV) till 30 MeV (or maximal value of energy
<30 MeV).
If the EXFOR datafiles were not contained experi-
mental uncertainties, the energy-dependent relative un-
certainties δσ(εi) = ∆σ(εi)/σexp(εi) were taken in accor-
dance with ref. [8]. The energy dependence was chosen
to simulate the statistical error that is inversely propor-
tional to the counting rate which is maximum near the
GDR. Hence, the energy-dependent relative uncertainties
were assumed to take minimum values (10%) near the
GDR peaks and maximum values (50%) on the GDR tails.
For spherical nuclei, a triangular dependence on gamma-
energy was assumed, while for deformed nuclei a trape-
zoidal dependence with the GDR peaks as the top corners
of the trapezium.
 0
 50
 100
 150
 200
 5  10  15  20  25  30
C
ro
ss
 s
e
c
ti
o
n
 (
m
b
)
εγ (MeV)
 0
 50
 100
 150
 200
 5  10  15  20  25  30
C
ro
ss
 s
e
c
ti
o
n
 (
m
b
)
εγ (MeV)
Fig. 6. The experimental cross section data for 94Mo in com-
parison with calculations within different PSF models. Up-
per figure: (black solid line) SLO, −−−− (red dashed
line) SMLO, (solid red line) SMLOe, −−−− ( blue
dashed line) GLO. Bottom figure: −−−− (red dashed line)
SMLO; − · − · − (green dashed followed by one dot line)
TLO(1); − · · − · · − (green dashed followed by two dots
line) TLO(2); − · · · − · · · − (green dashed followed by
three dots line) TLO(3). Experimental data are taken from
ref.[44].
Figures 6,7 present the theoretical photoabsorption
cross-sections obtained within different models of σαGDR in
comparison with experimental data σexp for the isotopes
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Table 1. The values of deformation parameters used for PSF calculations for listed nuclei.
Nuclei SLO, SMLO, GLO:
β2 [2,3]
TLO(1):
β=βBH, γ = γ
B
H [38];
HFB
TLO(2):
β=βBC , γ=γ
B
C [38];
CHFB+5DCH
TLO(3):
β=βH, γ=γH fitted
parameters taken from
indicated refs.
β2 β γ β γ β γ ref.
94Mo 0.053 0.0 0◦ 0.16 28◦ -0.08 20◦ [11]
98Mo 0.184 0.0 0◦ 0.208 26◦ 0.18 23◦ [11]
146Nd 0.173 0.165 0◦ 0.167 25◦ 0.17 26◦ [39]
148Sm 0.171 0.167 0◦ 0.169 25◦ 0.13 25◦ [40]
156Gd 0.295 0.343 0◦ 0.347 10◦ 0.22 11◦ [41]
168Er 0.292 0.346 0◦ 0.361 9◦ 0.28 12◦ [40]
190Os 0.153 0.175 33◦ 0.188 25◦ 0.16 21◦ [40]
196Pt -0.135 0.13 54◦ 0.135 32◦ 0.13 29◦ [11]
206Pb -0.008 0.0 0◦ 0.058 25◦ 0.02 40◦ [41]
238U 0.236 0.272 0◦ 0.292 8◦ 0.29 17◦ [39]
Table 2. The values of the ratios χ2α/χ
2
SLO and fα/fSLO for
94Mo and 168Er.
Isotope Criteria Gamma-ray energy intervals SMLO SMLOe GLO TLO(1) TLO(2) TLO(3)
94Mo χ2α/χ
2
SLO 5-30 MeV 0.88 1.09 1.27 2.13 1.58 1.52
Near GDR peaks: 9.6 - 18.9 MeV 0.78 1.27 1.74 1.78 1.46 1.00
fα/fSLO 5-30 MeV 0.95 0.91 1.06 1.06 1.02 1.05
Near GDR peaks: 9.6 - 18.9 MeV 0.92 0.93 1.11 0.95 0.94 0.94
168Er χ2α/χ
2
SLO 5-30 MeV 0.95 0.89 1.36 6.93 7.49 4.22
Near GDR peaks: 10.9 - 18.8 MeV 1.04 1.04 1.47 10.20 11.16 4.80
fα/fSLO 5-30 MeV 0.98 0.95 0.98 1.07 1.08 1.09
Near GDR peaks: 10.9 - 18.8 MeV 1.01 1.00 1.04 1.23 1.25 1.10
of 94Mo and 168Er. For these isotopes the least-square val-
ues and the fα rms deviation factors for different models
are given in the table 2.
The relative least-square values and rms deviation fac-
tors obtained at comparisons of experimental data with
theoretical calculations are presented in figs.8,9. Table 3
gives arithmetic mean values Rα =< χ
2
α > / < χ
2
SLO > of
least-square deviations for PSF model α to that for SLO
model. The ratios Fα =< fα > / < fSLO > of arith-
metic mean values of rms deviation factors < fα > for
PSF model α to that for SLO model are presented in the
table 4. The TLO(3) model with fitted deformation pa-
rameters was used for the calculations of the PSF only in
10 isotopes listed in the table 1. The gamma-ray energy
intervals near GDR peaks in the tables 2-4 correspond to
that used in ref.[8] for determination of the recommended
GDR parameters.
It can be seen from tables 3-4, that calculations using
the SMLO model generally better describe of the exper-
imental data then within all other models. For the GLO
model, the average ratios RGLO in the full interval (5-30
MeV) slightly exceed the unity, so the quality of fitting
with this model is comparable to the SLO model. The
description of the experimental data using TLO models
with standard theoretical values for rigid triaxiality defor-
mation parameters β, γ is worse then for SLO model and
also the models with energy-dependent width in approxi-
mation of axially deformed nuclei.
5 Conclusions and discussion
Based on obtained data, one can conclude that the SMLO
model gives better description of the experimental data
and can be recommended in the nuclear reaction codes
for modeling of the E1 photon strength function for the
energy range of 5-30 MeV. For the gamma-ray energies <
30 MeV, the calculations within SMLOe model describe
photoabsorption data almost with the same quality like for
SMLO. That is no need in separate determination of peak
parameters for SMLOe model. For the gamma-ray energies
over ∼30 MeV, SMLOe model is more preferable because
in this model the energy-weighted sum rule is rather good
performed.
Two features must be pointed out. First, the rela-
tionship (2) between cross-section σE1(εγ) (summed over
states with all possible total angular momentum) and E1
PSF is, in fact, definition of the E1 PSF determining total
photoabsorption cross-section. In nuclear reaction codes
for calculation observed characteristics of nuclear reac-
tion, the average photoabsorption cross section σJE1(εγ) of
a nucleus in the ground state of spin J0 with excitation of
levels of spin J is used and σE1(εγ) =
∑J0+1
J=|J0−1|
σJE1(εγ).
In approximation of independency of J of squares of the
reduced matrix elements for dipole transitions [16], the
partial cross-section σJE1(εγ) can be presented as prod-
uct σJE1(εγ) = gJ · Φ(εγ) of the statistical factor gJ =
(2J+1)/(2J0+1) and an independent of J function Φ(εγ).
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Table 3. The values of the ratios Rα =< χ
2
α > / < χ
2
SLO > of mean values of least-square deviations < χ
2
α > in relation to
SLO for different PSF models.
Mass numbers of the isotopes Gamma-ray energy intervals SMLO SMLOe GLO TLO(1) TLO(2) TLO(3)
24 ≤ A ≤ 238 5-30 MeV 0.77 0.87 1.26 4.63 4.70 2.6
Near GDR peaks 1.08 1.67 4.12 26.15 27.66 6.08
Table 4. The values of the ratios Fα =< fα > / < fSLO > of mean values of rms deviation factors < fα > in relation to SLO
for different PSF models.
Mass numbers of the isotopes Gamma-ray energy intervals SMLO SMLOe GLO TLO(1) TLO(2) TLO(3)
24 ≤ A ≤ 238 5-30 MeV 0.96 0.98 1.04 1.13 1.10 1.10
Near GDR peaks 1.00 1.00 1.06 1.24 1.22 1.31
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Fig. 7. The experimental cross section data for 168Er in com-
parison with calculations within different PSF models. Up-
per figure: (black solid line) SLO, −−−− (red dashed
line) SMLO, (solid red line) SMLOe, −−−− ( blue
dashed line) GLO. Bottom figure: −−−− (red dashed line)
SMLO; − · − · − (green dashed followed by one dot line)
TLO(1); − · · − · · − (green dashed followed by two dots
line) TLO(2); − · · · − · · · − (green dashed followed by
three dots line) TLO(3). Experimental data are taken from
ref.[45].
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Fig. 8. The relative least square values χ2α/χ
2
SLO for even-
even isotopes corresponding to calculations within different
PSF models. Upper figure: red circles (•) are SMLO; red empty
circles (⊙) - SMLOe; blue empty triangles (△) - GLO. Bot-
tom figure: red circles (•) - SMLO; green crosses (×) - TLO(1);
green pluses (+) - TLO(2); black empty squares (⊡) - TLO(3).
The presented results correspond to intervals from 5 MeV ( or
minimal value of the energy >5 MeV) till 30 MeV (or maximal
value of energy < 30 MeV).
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Fig. 9. The relative values of rms deviation fα/fSLO for even-
even isotopes corresponding to calculations within different
PSF models. Upper figure: red circles (•) are SMLO; red empty
circles (⊙) - SMLOe; blue empty triangles (△) - GLO. Bot-
tom figure: red circles (•) - SMLO; green crosses (×) - TLO(1);
green pluses (+) - TLO(2); black empty squares (⊡) - TLO(3).
The presented results correspond to intervals from 5 MeV ( or
minimal value of the energy >5 MeV) till 30 MeV (or maximal
value of energy < 30 MeV).
One can find from formula (2) the following relationship
between E1 PSF from (3) and partial photocross-section
σJE1 =
gJ
3
σE1 =
2J + 1
2J0 + 1
(pi~c)2 · εγ ·
−→
f E1(εγ). (26)
Second, for some applications (for example, aver-
age resonance capture measurements, astrophysics) it
is needed to calculate photoabsorption cross-section of
heated nucleus at some temperature T . In this situation,
the expression for SLO line-shape (5) is not changed but
expressions for line-shapes GLO and SMLO are changed
and their widths Γαj (6)-(7) are also modified [1,2,3]. New
line-shape (F¯ SMLOj ) of the SMLO model equals to product
of the expression (5) and low-energy enhancement factor
L(εγ , T ),
L(εγ , T ) ≡
1
1− exp(−εγ/T )
−−−−−→
εγ<< T
T
εγ
,
L(εγ , T = 0) = 1,
(27)
i.e.,
F¯αj (εγ) = L(εγ , T ) ·
2
pi
ε2γ Γ
α
j
(ε2γ − (E
α
r,j)
2)2 + (Γαj εγ)
2
. (28)
The new line-shape (F¯GLOj ) of GLO model consists of
two components: a Lorentzian and additional term due to
Kadmenskij - Markushev - Furman (KMF) approach [46]
within Fermi-liquid theory:
F¯GLO(εγ) = F
GLO(εγ)+
+
pi
2
· εγ ·
0.7ΓGLOj (εγ = 0, T )
(EGLOr,j )
3
.
(29)
Note that due to the second term in (29), the energy in-
tegrated total photoabsorption cross-section σE1(εγ), (29),
divergates in the temperature-dependent GLO model.
According to the experimental data ([47,48], and the
references therein) the shape width in heated nuclei is the
temperature-dependent. In the models of SLO, GLO and
SMLO, this dependence of the width Γαj is taken into ac-
count in form of additional temperature dependent com-
ponent ∆Γαj (T ):
Γαj = Γ
α
j (εγ , T ) = Γ
α
j (εγ , T = 0) +∆Γ
α
j (T ). (30)
For GLO and SLO models, the term ∆Γαj (T ) is taken
like in the KMF approach [46]:
∆Γαj (T ) = g
α · 4pi2T 2, gα =
Γαr,j
(Eαr,j)
2
. (31)
The temperature dependence (30) was also adopted
for SMLO width in ref.[10]; the value gSMLO = a/4pi2
with nuclear level density parameter a was taken in older
variants of the SMLO model [2,3].
For GDR energies, the expressions (29), (30) cor-
respond to the GDR spreading width within frame-
work of the Fermi-liquid theory in low-temperature limit
[49,50] with the normalization to the GDR width at
zero temperature: Γr(Er, T ) = g · (E
2
r + 4pi
2T 2), g =
Γr(T = 0)/E
2
r . The temperature- dependence of the ex-
perimental GDR widths in warm nuclei can be rather
good described by the expressions (29), (30) [49,50,51].
So, the total widths for SLO, GLO and SMLO models
are given by the following expressions: Γ SLOj (εγ , T ) =
gSLO·((ESLOr,j )
2 + 4pi2T 2), ΓGLOj (εγ , T ) = g
GLO·(ε2γ +
4pi2T 2), Γ SMLOj (εγ , T )= g
SMLO· (εγ · E
SMLO
r,j + 4pi
2T 2).
For extended variants (SMLOe, GLOe) of the SMLO and
GLO models, the expressions for widths are determined by
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the equation (22). Note that the energy-dependent com-
ponents of the widths correspond to transitions of the co-
herent 1p-1h states generating the GDR to the 2p-2h non-
equilibrium states at the excitation energy U = εγ and
∆Γαj (T ) is connected with transitions to the 2p-2h equi-
librium states at different excitation energy U ≈ a · T 2.
The linear dependence on energy of the first component
in Γ SMLOj (εγ , T ) corresponds to the average squared ma-
trix element in the transitions of the 1p-1h states to 2p-2h
with inverse dependence on the energy εγ .
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